Abstract Column experiments were utilized to investigate the effects of nitrate injection on sulfate-reducing bacteria (SRB) inhibition and microbial enhanced oil recovery (MEOR). An indigenous microbial consortium collected from the produced water of a Brazilian offshore field was used as inoculum. The presence of 150 mg/L volatile fatty acids (VFA´s) in the injection water contributed to a high biological electron acceptors demand and the establishment of anaerobic sulfate-reducing conditions. Continuous injection of nitrate (up to 25 mg/L) for 90 days did not inhibit souring. Contrariwise, in nitrogen-limiting conditions, the addition of nitrate stimulated the proliferation of δ-Proteobacteria (including SRB) and the associated sulfide concentration. Denitrification-specific nirK or nirS genes were not detected. A sharp decrease in water interfacial tension (from 20.8 to 14.5 mN/m) observed concomitantly with nitrate consumption and increased oil recovery (4.3 % v/v) demonstrated the benefits of nitrate injection on MEOR. Overall, the results support the notion that the addition of nitrate, at this particular oil reservoir, can benefit MEOR by stimulating the proliferation of fortuitous biosurfactant-producing bacteria. Higher nitrate concentrations exceeding the stoichiometric volatile fatty acid (VFA) biodegradation demands and/or the use of alternative biogenic souring control strategies may be necessary to warrant effective SRB inhibition down gradient from the injection wells.
Introduction
It is known that two-thirds of the total oil reserves remains in the reservoirs after conventional oil recovery operations [1] [2] [3] due to oil viscosity and low permeability as well as the high interfacial tension between hydrocarbons and aqueous phase [3, 4] . Microbial enhanced oil recovery (MEOR) has been utilized to aid conventional oil recovery [1, 3, 4] with promising results [5] [6] [7] . In MEOR processes, biosurfactant produced by specific microorganisms decreases water interfacial tension thus enhancing residual oil emulsification and its mobilization [5, 6, [8] [9] [10] [11] [12] [13] . In situ biosurfactant production by indigenous microorganisms can be stimulated by the addition of selected nutrients such as nitrate [14] . However, the success of such strategy is dependent on the presence of specific microorganisms with desired metabolic potential to produce sufficient amounts of biosurfactant in the reservoir [5, 15, 16] .
Nitrate injection has also been considered in oil fields to inhibit sulfate-reducing bacteria (SRB) and control biogenic souring [17] [18] [19] [20] [21] [22] [23] . Due to its higher oxidation potential compared to sulfate, nitrate is preferable utilized as electron acceptor which leads to a microbial community shift from sulfate to nitrate reduction [24] . Nonetheless, the effectiveness of nitrate injection to control reservoir souring has not always been demonstrated [25] . Therefore, laboratory pilot studies simulating site-specific oil reservoir conditions are desirable to minimize potential detrimental consequences associated with the injection of nitrate at field scale.
There is a large number of microbes in oil reservoirs which cannot grow on nutritious culture media and laboratory conditions [26] . In this regard, recent incorporation of molecular methods has allowed a much better understanding of the dominant microbial composition, abundance, and dynamics in oil field reservoir [27] . For instance, microbial-mediated souring effects can be monitored by targeting specific region of the bacterial genomic 16S ribosomal RNA (rRNA) which is complimentary to many iron-and sulfate-reducing genera within the δ-Proteobacteria, including Geobacter, Pelobacter (including fermentative species), Desulfovibrio, Desulfomicrobium, Desulfuromusa, and Desulfuromonas (including dissimilatory S reducers) [28] . The injection of nitrate to either enhance MEOR or inhibit souring may cause changes in microbial community structure and the proliferation of denitrifying bacteria population [24] . Two genes have been utilized to target the phylogenetically diverse denitrifying bacteria. The nirS which is more widely distributed and the nirK is found in only 30 % of the denitrifiers studied so far [29] . Both genes encode for nitrite reductase, responsible for the reduction of nitrite to NO: one product contains cytochrome cd1 (the nirS) and the other contains copper (the nirK). Overall, the information provided by molecular biology tools help oil companies to employ more directed, cost-effective strategies to prevent problems associated with souring, as well as to promote MEOR [27] .
The aim of this study was to investigate the effects of nitrate injection on both MEOR and souring inhibition in laboratory scale up-flow mode columns simulating site-specific conditions down gradient from the injection wells.
Material and Methods

Column Experiment
Three stainless steel columns (200-cm length and 5-cm diameter) were utilized to evaluate the effects of nitrate injection on the enhancement of microbial-mediated oil recovery and souring inhibition. These columns were equipped with eight lateral sampling ports located at 2.5, 7.5, 14, 20, 40, 70, 100, and 150 cm from the column's inlet fitted with Mininert valves (SigmaAldrich). To simulate temperature conditions encountered in the 100-m radius from the injection well at this particular reservoir site, columns were maintained at 40°C by recirculating water from warm water bath through the columns' water jackets. All tubings and fittings were made of Teflon to minimize sorption and/or volatilization. Columns were packed with non-contaminated and oven-heated (400°C) sterile sandy soil (granulometry of 150 and 400 μm; 15:85 v/v). Prior to crude oil addition, the columns were continuously fed with synthetic seawater in an up-flow mode at a flow rate of 0.23 mL/min using a highpressure liquid chromatography pump (Agilent Technologies 1200 Series). The synthetic seawater medium contained per liter destilled water (g/L): KH 2 (10) . A schematic representation of the columns experimental set up is shown in Fig. 1 .
Column's hydraulic measurements were required for comparison purposes and to check for preferential flow paths. Hydraulic parameters were obtained by bromide (1 g/L) tracer studies and data fitting to the one-dimensional (1-D) advection-dispersion equation [30] . The obtained hydraulic parameters are shown in Table 1 . The obtained pore interstitial velocity values were within typical water-flooded oil reservoirs pore velocities (36-360 cm/day) [31, 32] . Approximately 3 days were required to displace one pore volume.
Crude oil was slowly added to each column in an up-flow mode through the application of negative pressure (−27 psi) into the columns' effluent port. Water in the columns was displaced and residual oil saturation was established with the addition of 880 mL crude oil (columns' void volume of 1 L). At the end of the experiments, the residual oil remaining in the non-inoculated control column was washed out by injecting 300 mL of solvent hexane directly into the columns' inlet. Recovery of 884.4 mL from the total amount of oil added with 880 mL indicated that losses by volatilization or analytical error (±0.5 %) were negligible.
Microbial Consortium
Microbial consortium utilized in this work was obtained from the produced water of a Brazilian offshore field. The water sample was collected through sampling valve located at the wellhead (average temperature of 30°C) into a sterile 20-L carboy bottle. The bottle was filled completely with an oil/water mixture (reservoir crude oil at 1 % w/v) and then capped and sealed to maintain anoxic conditions. The bottle was kept on ice at 4°C during transportation to the laboratory. The enrichment was maintained in the laboratory by replacing on a daily basis 90 % (v/v) of the culture medium with new sterile synthetic seawater. Argon was utilized to purge the culturing media and warrant anaerobic conditions. The microorganism's enrichment was kept at room temperature without shaking. Two liters of the enriched bacterial consortium (representing 22 mg total suspended solids/L or 3 % inoculum v/v) were utilized to inoculate the columns. Two columns were inoculated. Approximately 125 mL of inoculum was injected directly into each of the eight sampling ports located along the column's length utilizing a sterile syringe.
Microbial Enhanced Oil Recovery (MEOR)
Negligible oil recovery was observed after 38 days of continuous water injection as indicated by the cumulative effluent oil volume reaching a plateau (Fig. 1) . At this point, two columns were inoculated. Two days prior to microbial inoculation, the feeding synthetic seawater solution was supplemented with acetate (≅120 mg/L) and propionate (≅ 30 mg/L). The effects of nitrate on MEOR and/or souring inhibition were evaluated by injecting nitrate initially at 12 mg/L (at 38 days of continuous water injection) then at 25 mg/L after 55 days of continuous water injection. One column was not fed nitrate and served as negative control. A noninoculated column fed synthetic seawater only was utilized as baseline to distinguish physical oil displacement (EOR) from biological MEOR. Synthetic seawater used to feed the columns was continuously purged with argon to warrant anaerobic conditions.
Chemical Analysis
Samples from the influent and side ports (1 mL) were collected with gas-tight syringes (Hamilton). Acetate, bromide, nitrate, nitrite, and sulfate were measured by ion chromatography IC 1000 (Dionex) equipped with an ion conductivity detector and an AS14A-4-mm column [33] . Sulfide was measured using a spectrophotometer (Hach DR/2500) according to the methylene blue method [33] . All chemicals used for standard analysis were analytical grade with purity ≥99.9 %. Detection limit for acetate, bromide, nitrate, nitrite, sulfate, or sulfide was 0.1 mg/L.
Interfacial Tension Analysis
Surface or interfacial tension analyses are the most common and straightforward techniques utilized to assess biosurfactant production [11] . In this work, interfacial tension analysis (IFT) was used to investigate potential correlation between surfactant production and MEOR. Samples were collected along the column length and filtered (0.22 μm Millipore membrane) prior to tensiometry analyses (Sigma KSV 702) according to Huh and Mason method [34] . Samples were analyzed in duplicate.
Microbial Analysis
Real-time quantitative PCR (qPCR) analyses were performed to assess the effects of nitrate injection on microbial populations harboring nitrite reductase (nirS and nirK) which are key enzymes of the denitrification process [29] as well as sulfate-reducing belonging to δ-Proteobacteria [28] . After 121 days of continuous water injection, bacterial DNA was extracted from 2-mL seawater samples withdrawn from the columns' sampling ports using MoBio Ultraclean kit according to the manufacturer's protocol. DNA concentration and purity was measured based on the wavelength absorbance ratio (absorbance of 260 nm for DNA and 280 nm for protein) A260/A280 using a NanoDrop spectrophotometer. A 2-μL aliquot of bacteriophage-λ DNA (500 bp; Sigma-Aldrich) was spiked in each sample prior to DNA extraction and used as an internal standard for the determination of DNA recovery efficiency [35] . Concentration of total bacteria 16S recombinant DNA (rDNA) genes was measured using the universal bacterial primers BACT1369F and PROK1492R [35] . Nitrate-reducing bacteria genes were quantified using the primers nirK1F and nirK5R as well as the nirS1F and nirS6R [29] . Sulfate-reducing bacteria (SRB) genes were quantified using the probe EUB1 with the primers 361F and 685R capable of targeting δ-Proteobacteria [complementary to many ironand sulfate-reducing genera including Geobacter, Pelobacter (including fermentative species), Desulfovibrio, Desulfomicrobium, Desulfuromusa, and Desulfuromonas (including dissimilatory S reducers)] [28] . PCR mixtures contained 1× Taqman PCR Master Mix or SYBR Green (Applied Biosystems), 500 nM forward and reverse primers (Integrated DNA Technologies), 250 nM of the probe (for reactions using Taqman), and sterile DNAase-free water to make up a final volume of 25 μL. PCR reactions were performed in a thermocycler (Eppendorf Mastercycler ep realplex) with the following temperature conditions: 50°C for 2 min followed by 95°C for 10 min and 40 cycles at 95°C for 15 s and 60°C for one min. The genomic DNA sequences of various reference strains were utilized to prepare calibration curves for the targeted genes. Pseudomonas aeruginosa for 16S rDNA and nirS, Rhizobium radiobacter for nirK, and Desulfobacterium autotrophicum for EUB1. Dilutions (10 1 to 10 8 gene copies/mL) were prepared for all calibration curves, yielding r 2 values ≥0.99. The gene copy numbers in each sample were estimated based on the following equation:
Gene copy number mL ¼ μg DNA mL bp genome
This equation assumes the size of the bacterial genome base pair (bp) used as a standard in the calibration curves [36] and the approximate 9.1×10 14 bp/μg of DNA. Gene copy numbers per genome varied according to the strain used in the calibration curve [37] . The detection limit of each assay was ≥10 1 gene copies/mL.
Results and Discussion
Up-flow mode column experiments simulating water injection system from an offshore oil platform in Brazil were utilized to investigate the effects of nitrate injection on MEOR and biological souring inhibition. Continuous injection of pressurized seawater flushed the sediments and displaced the entrapped oil. Prior to column inoculation, the total cumulative oil recovered by water injection (EOR) was 88 % and 77 % for the columns-fed synthetic seawater without and with nitrate, respectively (Fig. 2) . Oil recovery in the abiotic control column was 93 %. These values were considerably higher than previously reported (15 to 60 %) [38] possibly due to the discrepancies in sediment materials and associated hydraulic characteristics. Nonetheless, the results served as a baseline to determine the effects of nitrate injection on MEOR.
Microbial Enhanced Oil Recovery (MEOR)
It is known that microorganisms can aid MEOR by reducing interfacial tension (IFT), altering wettability, changing preferential flow pattern, producing gas, and/or reducing oil viscosity [4, 15, [39] [40] [41] . However, recent studies have demonstrated that among these mechanisms, IFT reduction and wettability alteration are the main contributors in MEOR process [8-10, 40, 42, 43] . Relatively small reduction of IFT by up to 1 order of magnitude (or from initial 29-32 mN/m to 3.2-2.8 mN/m, respectively) as result of biosurfactant production has shown to enhance oil recovery by 4 to 38.5 % v/v [9, 11] . Significant oil recovery in these cases was attributed to biosurfactant's capacity to alter wettability which aid mobilization of the entrapped residual oil [9, 41] . (Fig. 3) . The lower IFT values obtained (Fig. 3) reflected in the amount of oil recovered (Figs. 2 and 3) . Oil recoveries of 6.7 and 11 % (v/v; normalized to EOR) were obtained for the column-fed synthetic seawater without or with nitrate, respectively (Fig. 2) . It is worth noting that the rapid decrease in IFT occurred concomitantly to nitrate consumption, suggesting that nitrate played an important role as nutrient source or supplemental electron acceptor to support MEOR [45, 46] .
Nitrate Injection and Souring
The biodegradation of ≅160 mg volatile fatty acid (VFA) total/L present in the injection water depleted the available dissolved oxygen (approximately 184.9 mg O 2 /L would be required assuming complete acetate and propionate biodegradation to CO 2 and water). The measured oxygen concentration in the first centimeters of the column's length (<0.1 mg/L; data not shown) indicates the establishing of anaerobic conditions. Acetate served as substrate to promote the growth of SRB (up to 10 5 gene copies/mL) (Fig. 3) while SRB can also be expected to occur during the anaerobic biodegradation of hydrocarbons [47, 48] . Although the use of nitrate and/or nitrate injection to control souring has extensively been demonstrated in laboratory [21, 23, 31, 49] and field scale [18, 50] , its effectiveness has occasionally failed [25, 51] . In this work, the continuous injection of nitrate for over 120 days neither inhibit SRB nor H 2 S production irrespective to nitrate concentration tested (12 or 25 mg/L) (Figs. 3 and 4) corroborating previous findings [52] [53] [54] .
Denitrifying bacteria harboring nirS or nirK were not detected in the columns (detection limit ≥10 2 gene copies/mL). We recognize that the primers and probes developed to target functional nirS and nirK genes are unlikely capable to encompass all natural microbial genetic diversity encountered in the oil reservoir. Consequently, limitations on the use of these functional genes may exist as a result of absence of detection and/or amplification mismatches. Nonetheless, these functional genes are useful to characterize the natural diversity of denitrifying bacteria in other marine sediments [55, 56] .
The concentration of SRB was 1 to 4 orders of magnitude higher in the first 14 cm of the column fed nitrate (8×10 4 to 1×10 5 gene copies/mL) compared to the column not fed nitrate (4×10 1 to 7×10 3 gene copies/mL) (Fig. 4) . Not surprising, sulfide production was noticeably higher near the inlet of the column fed nitrate (8.2 mg/L) compared to the column not fed (Fig. 5) . The higher SRB concentration near the column inlet where nitrate was rapidly being consumed indicates that in nitrogen-limited conditions, nitrate can stimulate the growth of specific SRB [53, [57] [58] [59] . The effectiveness of nitrate to suppress souring may be affected by the concentration of available VFA (acetate, propionate, butyrate, valerate) [17] in which acetate plays an important role as preferable substrate to SRB [60] . In this case, approximately 0.7 mM NO 3 or NO 2 : 1 mM VFA is required to effectively inhibit souring. This stoichiometric ratio, however, may lead to too high nitrate concentrations requirements at field scale (assuming typical VFA concentrations of 100-400 mg/L and the water injection flow rates of 500-2,000 m 3 /day). Moreover, it is unlikely that this correlation takes into consideration the amount of acetate produced by hydrocarbon-degrading acetogens thriving just down gradient from the injection wells where nitrate/nitrite is no longer available.
Conclusions
In this work, column experiments simulating the in situ conditions of a Brazilian offshore oil reservoir were utilized to investigate the effects of continuous nitrate injection on MEOR and reservoir souring inhibition. The implications of this work are twofold. Firstly, the continuous injection of nitrate at relatively low concentrations (12-25 mg/L) into the oil reservoir can contribute to MEOR. Secondly, in nitrogen-limiting conditions and the presence of VFA in the injection, water can adversely exert a higher nitrate demand that could be otherwise utilized to effectively inhibit SRB. In these cases, nitrate injection can stimulate the growth of specific SRB enhancing souring. Therefore, it is highly recommended to scrutinize site-specific microbial community structure and ecology information prior to implementing an effective souring control strategy based on nitrate injection.
